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INTRODUCT ION

It is generally accepted that Ag! in a finely subdivided form and
suspended in air provides the most practical and efficient means of
modifying supercooled clouds. Thus it comes as somewhat of a
surprise that in more than 25 years since Vonnegut [1], [2]
disccvered the ice nucleating ability of Agl, no one yet has

given a proven explanation of the behavior of Aal as a function of
its subdivision, That information is of obvious practical
importance. For most modifications the vastness of the atmosphere
dictates that the cutput of Agl particle generators, which can
vary over as many as four order of magnitudes [3], be cptimized.

In addition, others [4], [5] have suggested that a numerical

value of the efficiency is also required, since the cutcome of

+the ¢loud seeding depends on the in-cloud concentration of

the Agl particles.

At first glance the largest number of Agl particles capuble of
nucleating ice simply might pe synonymous with the greatest
attainable state of subdivision of the bulk Agl in the generator,
Jdnfortunately, that is not the case. There must exist a

particle size below which the particles' curvature and |imited
syrface area inhibit nucleation, A further complication is the
neec¢ to specify which of several nucleating mecharisms are
invelved in the cloud, and how those are dependent on the particles!
size. Theoretical and experimental attempts have been made to
determine the Agl particle size-ice-nucleating activity
relationship. However the theory has not yet been proved correct,
and the experiments have been very limited., This paper, the
first of a four part series, introduces our effort towards
filting this gap in our knowledge.

FLETCHER'S THEORY

For a time it ceemed that Fletcher [6], [7] had devaloped a
successful theory. He essentially applied the classical nucleation
theory of Voimer and Weber [8] to Agl particles which had a

uni form crystall ine surface and which nucleated ice by sub-
!imation.* The theory also required specifying a value for the

*The term subl imation, as used by Fletcher, strictly refers to the
process in which ice nucleates on the particles directly from the
surrounding vapor. In this paper sublimation will also include ice
nucleation at and below water saturation without the presence of
macroscopic quantities of water., The adsorption of water onto the
Agl surface to form liquid embryos which subsequently freeze is thus
included. Freezing will refer to ice nucleation when the Agl
particie either contacts or is enclesed in a water droplet.
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anknown contact angle of ice on the Agl surface. Filetcher
wssumed that all particles targer than Zum in diameter nucleated
fce by sublimation at the observed activity threshold of ahoudt
A0, Ho then uced his theory to caloulate an aoffect ine contact
angle.  The completed thoory predicted that o different threshold
temperature existed in the nucleation ability for each =ize of
Agl particle, Dletcher used those thraecholds 1o corpute his
familiar activity curve where the log . 0f the nuambor of active
particles per cram of Agl is given as a funation of subfrecszing
terperature.  The theory found strone support fram The oot ivi i
st Agl o smokes measured in laboratory cola boxes. Often tha
cxperimental curves roudhly parallaled the theoreticel curwe,
ahile al most the difference between rhe two wes severs orders
Sf magnitude (e.g., Vonnegut [, Crant ong Steete (%]
tmithoand Heffernan [97), and Yucuay and welis 1000,

; ST
parent agreenent sygaesied Yhat e acoo tiona o the ey
wer oo oaann b ol by o e e Tt e To et Do ey o 4y RS
oo sab s b bon nucieun war aban i e b by b e Dl
. . ; S o . : :
ceneriment ol observal ions o Gwilons DT, Sehost o D L
3 " . N - '] i
Sirstain LE3] which showed fhat Acl darsnatraied oo biyil, below
. o N e - - - . e
wizoze soturation.  Ynooaddition, Giag 14 ] erfer Vo

cespectively Tound the Al paclaalive by freczing tre dud st

LU and =210, dhas corfirming for oo Pime thoat sutd et i

ihe proedominant nucteation mechaninm,

ubseguently 2 large amount of evperimenta! work sucoested that
“letcher's theory had serious flaws, The gction of Agl ac

izlimation nucleus was initially ~hallenoed Ly other peagcurements

PR

Cfothe freezing threshold,  Lumerous workers (e.g., Loy

e, Foulteau D177, and Yason and Van der teuve! [127)

tound

bofreezing threchold of ataut -4C, Fdwards and Pvans {19)
wiiributed Bigu's ard Hoffor ' colder values to the deprassion of
tro freezing thrashold by the presence of joedide Tons in their
creceled water Farly work Mgt cave the sublimgt inn Yhreqho!
At =120, Mowever, it bas since been recondirmed {207, U0t s

“vin threshold also 14 aboutl -4C,

the subl imation mechanism was questioned further by the increasing
aoviderce that Agl acts primarily as 2 freezinc nucleus. Edwards
and Cvans [22] evperimentally demonstrated how smal | Agl

particlens were efficient nucleators only 1f they were enclosed

v

rocare in contact with supercooled waler,  Thoy also found
FEn%

et aboand redative humidity was reaquired 1o induce nuatoation
Potne partictoe did ol sae waler, Lince fhe relalive humidity
in onatural douds rarely exceeds 1014, they concluded that the

curdeation of Toe must depend primarily on the collision of {he

BEST AVAILABLE COPY



Agl particles with tne supercooled cloud draplets, which
then froze. The work of many [207, {23-281 supported 1hat
concIuQicn. still, much more qQuantitative data is rewuired to
tarify the rale T"* vach nucleatior mectanisr plays as a function
af incloud ervirorment, Nevertheiess, the evidence of the -4C
freezing thresheld ard the observed importance cof the freezing
mechanism sucaesi the possitifity that the many expertnen+al
activity curves which have been ¢rawn next 1o tletcher's
sublimation theory curve really reflect 1he freezing and not the
sutlimarior dbehavior of Acl.

The corcept of thresrold temperature ir Fletcher's theory was

stown to be invelic [237], (24], [29]). According to his theory,

*he nucleation rate of particles of a given size is either
negligitle or s¢ lasge tnat all particles octivate, This rapid
¢hange ir the rafes occurs at an amsunt of supercooling termed the
tnrestclc terperature. tdwards et ai. [[23] observed the ice
nucieation of menocisperse Aal particles in water, but did not find
trresncid temperatlures for *he trree particle sizes, €17, 0,75,
srd 3.5um, STtudied.  instead they Cetarmined That a fraction o the
carticles ©* eacn size activated and that the ucrivity was proportiona!
To the particics!' surface area tor any given temperature,

Ratz D297 and Noasop arc Yayaweera CJA | cbserved the same effects

witn sizec Agi perticles in a cicud chamber,

I nag rot peer poirted cut in the iiterature thet the concept of

throsho!ld terperature Ts aisc inconsietent with tre nucleaticn time
lag chserved tirst by vonnegu™ (2] and again by wartburron and
metfernan (3C]. Ayl pariicles were found te nucleate ice in the
Coid charber in gecraasing amsunts, ever afier 50 minutes hac
elarsed, Since *ne thesreticel nucleaticn rate for a civen size

ol Agl particles on either side cf trhe threshela Tempe*arure

is @ither immense cr negiigible, those narticles with smaller

Sizes should ner activate at all, whi:e Tthese with larger sizes

L

houl 2 gppear clmost instantareousiy. Thus a theoreticatl time lag
‘s rct possinle, Fleftcher's [ 7] explanation of the time lag was
irconsistent with nis own Tneory. He felt that the different
nuclteation rates of colydisperse Agl parTicles accounted for

tne experimental observations,

‘re tercerature cepencence cf the time lag suciested To bdwards

2ns tvens L2003 1Vat s pessinle eaplaraiior was feura ir the longer
“ime reguired fer tre better and more nyurophebic nucieaticon sites

t¢ becore wettec al the warmer terperatyres, Vontiegut [Z]

exslaineg the Tirme lag as cue To the whiance ocourrernce of creating

a stutle ice eriryd ¢n the Agl surfaece, e feit that the temperature



dependence of the time effect ruled out, as an explanation of the
t+ime lag, the additional time required for the particles to
diffuse to the droplets., |t is interesting to note hcw the
majority of experimental work with Agl has ignored the early
observations of nucleation time dependency.

The failure of Fletcher's theory to account for the observations of
fractional activity and the dependerce of activity on particle area
was blamed on hils assumption that any part of the uniform surface

of the Ag! perticle was as llkely as ary other part to nucleate

the ice phase. Edwards et a!, [23] neatly ec_ounted for the
observations by postulating instead the existence of an irhcmogeneous
Ag! surface on which randomly distributed sites of wicely

different efficiencies nucleated ice. Varlous proposals have

been made about the unknown nature of these "active sites,”
including hygroscopic patches of impurity atoms [313, [32],
electrical inhomogeneities [207], and crystal growth steps [33].
Since the first two types of sites affect the adsorption of water on
the Agl surface, they might wel| be important in nucleation by

subl imation. However, their roles in freezing are uncertain,

The third type of site was used by Fletcher [33] to develop new

rate expressions for nucleation by freezing. He was now corvincec
that his earlier application of classical theory was incorrect,

Nearly all of the experiments referred to above have suggested
errors in various aspects of Fietcher's original theory. Yet only
a handful of work has been done on the most important one: the
theory essentially tries to predict the size of the Agl particles
belcw which they no longer assist nucleation, Probably ftnat

size as well as the size of most of the particles from Agl
generators is below C.lum, Thus measurements of the relationship
between nucleation ability and particle size in that range are

of the greatest relevance not only for compariscn with tre treory,
put also for discovering the most active generator output.

Cwing to the difficulty of determining particle size spectra

below C.lum, those measurements have not teen completed. Some
results were obtained by Maruyara [ 341, “ossop ancd Yayaweera [24],
Sano et al. [[35]), and Edwards and Evans [227]. Tne first three
investigators measured the nucleus size cf replicated ice crystals
formed by Agl smoke particles injected into a coid chamber.
Maruyama found 0.4, 0.2. and 0.08um to be the sizes of the smallest
active nuclei at -5, ~10, and -14C, respectively, aithough the
increments in his size histogram were about C.lum, Mossop ard
Yayaweera tested Agl-Nal smoke and a'sco fourna a temperature
dependence, but shifted to smaller particle sizes. The involved
nature of the replication tecnnique appears to have macde impractical




4 thorough 3ftudy of the activity=-particle size relationship.

The last two groups of Investigators sized the Agl particles
before testing their activity, Sano et al, found approximate
ayreement with Fletcher's sublimation theory, while Edwards and
Lvans corcluded that particles of about 0.02um activated ice near
-9C by the freezing mechanism, Two difficulties are encountered
in sizirg Agl particles beforehand, Not only is the definite
connection between the particles! slze and activation lost,

but in addition a guess must be made of the nucleation mechanism
when the particles are blowr into the cold box.

CENTRIFUGAL S1ZING OF NUCL: .

Allee et al, [36] proposed a new techn.au. that promised

te eiiminate the experimental difficulties of sizing active

ice nueclei, Essentialiy, the Goetz Aerocsnl Spectrometer, a
high-speed centrifuge ceveloped by Coei2 et al., [37], is used to
ceposit airborne nuclei along its inert co!lection foll according
to their size. The fcil is removed from the centrifuge, cooled
to the desired subfreezing temperature, and then humidified

in a way wnich simulates the conditicns for nucteation by either
subl imation or freezing. In this controlled environment, the
active nuciei grow into visitle ice crystals. To find their size,
only the location of the ice crystals need be recorded since the
coorcinates of the foil are related fc particle size by Stokes
law after calibration of tne foil with particles of known size,
cnape, and density,

The centrifuge technique has been tried several times with Agl

smoke particles. On two occasions (Allee et al. [38], and Gerber [39])
the measured activity spectrum of the Agl particles between the
sizes of 0.02 and O.lum closely resembled the predictions of
Fletcher's sublimation theory. However, Gerber [40] later

susgested that the freezing mechanism hac actually been cbserved

due to flaws in fthe experimental procedure. Additicnal measurements
[41] of tre particles! freezing activity gave results which differed
sormewhat from the previous work. Some uncertainty existed in

these last measuremen*s since the size of the Agl particiass

was difficult to define due to their highly coagulated nature.

in adcdition, 3 large error might have been included since the
nucleation time lag again was not accounted for. OQbviously,

the centrifuge technigue had not yet been successfully utilized,

The Goetz Aerosc| Spectrometer was chosen for the present study
because it is The only available instrurment capzble of determining
the small sizes of active Agi particles, Although Tthe manufacturer
of this centrifuge claimed sizing accuracy for polydisperse




particles between 0.03 and 3.0um, controversy surrourided the
accuracy of its measurements for many years. |In a comprehensive
theorerical cdiscussion of the instrument's behaviar, Sicter and
Zessack [[42]) showed thet the centrifuge hac inherert flaws which
prevented it from accurately sizing particles. Altnoug- they
offered a limited amount of supporting experimental work, some
questicn of the instrument's capabilities still remsined. They
had not explained why the criginal calibration work of Goetz

et al. [37] reflected proper operation cf the centrifuge.
Additional experimental evaluations of the centrifuge failed *o
clarify its usefulnress. Razbe [43] sided wiih the treory,

but the statistical error of his data was toc larce to nerrit a
firm conclusion; the work of Baust [[44] fcund abrnormalities in
tne operaticn of the centrifuge, but nct in the manner predicted bv
Stobe~ and Zessack [42].

Gerber's recent evaluation of all the previous work concluded Tnet
the verdicts of the instrument's capabilities lacked excerimenta!
evidence [45]. As a result of the first thcrough calivration,

he discovered tnhe operating conditions for accurate use cof the
centrifugs, the incorrect assumption which invalidated the +thecry
cf Stoter and Zessack, and an explanaticn of the inconsistencies

in the previous calibration attempts. The cone other commercially
available centrifuge [463 was not suitable for the present purpose,
since it lcses its resolution for particles smaller thar atout
C.lum,

CONCLUDING REMARKS

Tre subsequent papers of This stucy will descrize the use of the
cenftrifuge fechnique to measure the ability of Agl smoke particles
tec nucleate supercooled water as a function of particle size,
temperature, and activatiorn time, fihe experimental aspects,
generation of the Agl particles, meecurement of their shape anc size
distributions, construction of & new ccld chamber with Ttne proper
temperature and humidity control, and the rmeasurement ¢f the
active fraction of the Agl particles will be given in cetail,

In addition, another look will be taken at Fletcher's theories to
see how they fare in the particle size region where they should

be most applicable,

1 is hoped that this effert will answer some of the many remairing
questions concarning the acticn of Agl as & freezirg nucleus,

These questions include: What is the physical nature ¢f the
nucleation process, and can this process be described theoretically,
what is the proper role cf the nucleztion time jag, and perhaps

mos* imrortant of al!, what is the relationsnip between Ag!

purticle size and nucleating ability?
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